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MASS SrKCI KOMETER SYSTEM AND 
mi: I IIOI) FOR MATRDC-ASSISTED LASER 
DKSOKITION MEASUREMENTS 

I'lliLD 01- THl: INVENTION 

Hic prcscni invention relates to mass spcdromdcr sys- 
iCMis useful for obtaining matrix-assisted laser dcsorption 
fneasurenienis. More particulariy, this invdAkm is dircdcd 
to an automated mass spcctnwnclcf system for combining 
high sample throughput with high rclialMliiy. 

BACKGROUND OF TOE INVEfOTON 

Matrix-assisted laser dcsoqitioo and ioanatkm (MALDQ 
ts a relatively new technique that allows laigc mol- 15 
ccules. such as DNA fragnnents and ptotcins. to be dcsoxbcd 
from a solid sample and ionized without aemficant dccom- 
positioa Coupled with mass tpoatsoaxHf^ tins tecfaniqtie 
allows the molecular weights <rf Wdtegicd polymca and 
other laige molecules, indudii^ iadustdid poiymea. to be 20 
precisely detennincd. One vcmooofMALDIfs described in 
a 1991 article in Rapid Conuiumicaiions in Mass SfKarvm- 
etry, VoL 5. Pages 198-202. A mass spednmictcr suitable 
for obtaining highly rcUable matrix-assisted laser dcsoqrtion 
measurements is described in US. PaL 5,045,694. 25 

Most MALDI applications to date have employed time- 
of-night mass spectrometers, aldwugh magnetic deflection. 
Founcr Transfonn ion cyclotron resonance, and <pia¥!nipolc 
ion trap mass analyzers have also been iised. A. liquid 
soluuon of the sample to be analyzed is mixed with a 
soluuon containing an appropriate matrix, and a small 
aliquot of this mixtures is dqwsited on the source of the 
mass spectrometer (insidea vacuum system). Avacuum lock 
IS generally uulized to avoid venting the vacuum system. 
Loading a sample typically requires torn one to several ^5 
minutes, and the attention of a skilled opctatcH: A dMigcnt 
operator should theoretically be able to load and nin a 
sampie every five or ten minutes using such a system, but it 
IS difficult to maintain such a laic over an extended period. 
U.S. Pat. 5,288,644 discloses one technique for reducing the ^ 
required time. A plurality of samples arc loaded onto the 
solid surface of a disk, which is rotated by a stepper motor 
or positioning each sample respectively for striking by a 
laser beam. ^ 

Further improvements in the loading of samples for the 
laser dcsorpuon mass analysis arc required for this analytical 
procedure to gain greater acceptance and significanUy 
increase the use of this analytical tool. The (fisadvantagcs of 
the pnor art overcome by the present invention, and an 
improved system is hereinafter disclosed for obtaining 
mainx-assisicd mass spectrometer measurements. The load- 
ing of the samples is highly automated for achicvine both 
high sample throughput and high reliability. The pre^t 
invention has a wide range of application, and may be used 
wiih vanous analytical methods. 55 

SUMMARY OF THE INVENTION 

Ttic present invention provides a highly automated system 
for preparing, loading, and tunning samples by MALDI 60 
mass spectrometry. Each step in the process may be con- 
trolled and monitored by a computet: All sample processing 
and idcnlificauon information is recorded along with the 
mass spectra measurements, so thai automated processing of 
ihc data may be pcrfonncd. The typical input to this system 65 
•> a collcciu»n of samples in relatively cnidc or unprocessed 
''•••*">■ ;nu! tin- output provides tli,cci ;uiswcrs t*» specific 
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qucslions posed by Oic sciciuisis relative io the samples. 
Hiis system is particularly useful in applications (hat require 
processing a izi^c number of samples to provide U>e fx^uircd 
data. Examples include DNA sequencing on the scale 
5 required by ihc Human Genome Project, protein setjucndng. 
and dctenmination of the locations and nature of posl- 
translational modifications of proteins. 

While ihcrc arc many potential applications of this invai- 
lion, the Human Genome Project provides a paiticulariy 
timely example of the need for this advarfccmcrt. The DNA 
that composes the human genome has about 3_5 Inllioa base 
pairs. Although highly developed techniques for scqucodqg 
DNA have been developed, at least a decade would be 
rcquiicd using available ledmiqucs to accmaldy sequence 
^5 even one such DNA. Corai^edon of the gciHOTK; project inll 
require sequendng thousands or possibly fmllkxis of such 
genomes from both humans and other oiganisms. The 
present invendoo win aooordingly be described m ddaO 
below with paiticular eo^dxasis on its applicadoa to DNA 
^ sequencing, but it should be recognircd that it has odicr 
applications. 

It is an object of this mvcntion to provide improved 
equipment and techniques for performing MALDI mass 
^ fpcctrometiy analysis- The equipment and techm^ 

tnvcation substantially reduce both the time and cxpeitisc 
required to load, run, and analyze multiple sam|des. thadxy 
significamly reducing the cost of the analysis. 

A signifipsnt feature of this invention relates to the 
effective combination of mass spectrometry equipment and 
techniques with matrix-assisted laser dcsorption ionization 
equipment and techniques. The equipment and techniques 
may be utilized to substantially reduce the cost of DNA 
sequencing. The invention may also be used for detennining 
35 the molecular weight of various large molecules, sudi as 
biological and industrial polymers, 

A significant advantage of this invention relates to the 
reduced time required for mass spectrometry analysis of 
multiple samples. The invention is particularly well suited 
40 for>usc with a Umc-of-flighi mass spectrometer. 

These and further objects, features, and advantages of the 
present invcnuon will become apparent from the following 
detailed description, wherein rcfcrcnce is made to the figures 
the accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



no. I depicts one embodiment of a sample holder 
according to the present invention for loading multiple 
50 samples for mass analysis. 

nc. 2 depicts an alternate embodiment of suitable appa- 
ratus for loading muluple samples for mass analysis. 

FIG. 3 is a block diagram of ar automated system for 
Proccssmg and preparing samples, and for transferring mul- 
tiple sample aiiqiiois on a sample plate ;o sc!caed sample 
positions. 

FIG- 4 is a top view of a suitable system for automatically 
transfcmng sample plates between a sample storage cham- 
^ bcr and an ion source chamber of a mass spectrometer. 

FIG. 5 is a from view of the system shown in RG. 4. 

FIG. 6 is a top view of a simplified vacuum lock assembly 
pnor to loading a sample plate into the vacuum lock cham- 
ber. 

6^ I'IG. 7 is ;t (op view of the simplified vacuum lock 
:tsscmhly :is .shown in IIO. 6 after loading the sample plate 

•ntn ihc analvsi^ chamlKT. 



3 

' IG. .S IS ;i sclicinaiic diagram 4>r;i lully aulomalcd syslcrn 
-jccorcjinji U) ihc present invent ion. 

IIO. y is a schr.inaiic illustration ofa matrix -assisted laser 
dcsorpiion ion source combined with a simplified rcprcscn- 
taiion of n mass spectrometer according to the present ^ 
invention. 



Diri AILIZD DESCRIPTION OF PREFERRED 

EMBODIMENTS ,o 

The system according lo this invention typically involves 
many components integrated under computer control into a 
fully automated system. A typical system of ten primary 
components includes: (I) a sample plate or other sample 
receiving surface upon which a large number of physically 
separated and distinguishable samples can be loaded in 
liquid solution then allowed to diy; (2) identificatkn means 
for uniqudy identifying each sample position and sample 
plate; (3) an automated system fm piocessiqg and preparing 
samples and transferring aliquots to selected sanq>lc posi- ^ 
tions on a sample plate; (4) drying means for storing one or 
more sample plates in a controlled environment; (5) tians- 
fening means for automatically or manually tiansfemng a 
plurality of sample plates from the controlled cnviionmenl 
into the sample receiving chamber of the MALDI mass ^ 
spectrometer. (6) an automated vacuum lock system for 
transferring sample plates between the receiving chamber 
and the ionization source of the MALDI mass spectrometer 
without significantly increasing the pressure in the mass 
spectrometer vacuum system; (7) sequencing means for ^ 
sequenUally placing each sample on the sample receiving 
surface in the path of the laser beam, so that its MALX)I 
spectrum is recorded and stored along with the sample 
identification information; (8) means for automatically 
adjusting the laser intensity and sample position relative lo 
the laser beam lo obtain MALDI spectra which meet or 
exceed predetermined criteria; (9) means for automatically 
calibrating the mass axis of the MALDI mass spectrometer; 
and (10) means for automatically interpreting the MALDI 
mass spectra obtained from one or more samples to deter- 
mine and produce the answer to a specific question. A 
scientist may thus make inquirv' as to the sequence of the 
bases in a particular DNA fragment, and the system of this 
mvcntion will rapidly provide the answer in a highly cost- 
eCfective manner. ^5 

In some applications manual operations may be substi- 
tuted for the corresponding automated step, but the full 
power and speed of the invenuon is realized when operator 
intervention is required at most, once or twice per day. Each 
of the ten primary components (and/or corresponding steps) ^ 
which may comprise an cxemplar>- system is described in 
more detail below, 

I. Sample Receiving Surface 

A prcfcacd embodiment of a sample receiving surface is 55 
illustrated in RG. I. The depicted sample plate 10 consists 
of a thin, substantially square plate 12 of stainless steel or 
other suiublc electrically conduaing material approxi- 
mately 1.5 mm thick and 50 mm wide. The plate 10 may 
contain precisely located holes to allow the posiUoo and 60 
oricnlaUon of the plate to be accurately dctcrminod lelaUvc 
to a moveable stage, which is required both in the sample 
loading step and in the ion source of the mass spectrometer. 
T\\c sample plate 10 also contains a plurality of precisely 
determinable sample positions Id <in the upper sample 65 
rcceivinj; surface IK of ihc Hicse s;unplc p<i$iiions 

<":iy he dcuruuiicd by a nuintvr ol plidUicuhcd ami luiiii- 
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lK:ral sample |K)silK)ns or wells as illusualcJ in (-IG. 1. 
AUcmalivcly. a iuiml)cr of sample posilions may be idcnli- 
licd by electroplated sample S|>ols and numbers on the 
surface 18 of iJic sample plate, with the sample idcniificalion 
5 providing ihc row and column number of a rcspcclivc 
adjoining sample, i.e.. posiiion ideniincalion 34 being ihc 
sample in ihc third row and ihc fourth column of Ihe 
plurality of samples on ihc plaic 10. 

A plate 10 may thus contain 100 sample positions each 
,0 identified by a sample spot which is about Z5 mm in 
diameter in a precisely known location on the plate, with 
each sample support being suitable for accepting a few 
microliters of sample solution. Each sample spot may be 
further identified by a coircspondiag number similariy 
J J plated or etched on the surface 18. Alternatively, the plate 
may contain a laiger number of spots in which {rfiotoetched 
sample wells or photoplatcd sample spots of qjpropriatc 
diameter in predsely known locations arc prepared on the 
sample surfecx; without the coocspondiAg sanqdc mmibcrs 
2Q on the surface The krwwn sample cootdinatcs.thos may be 
sufficient to identify each sample wcU or spoL'E the case of 
a 400 samide array (20 rows and 20 columnsX 2 mm sample 
wells or spots have been used successfully. For a 1024 array 
(32 rows and 32 columns), a 50 mm square plate and 1 mm 
i:i 25 diameter sample positions have been successfully used. 

^1 Another alterative is to use a smooth unmodified sample 

i P'^^^ >n which the x-y coordinates are sufficient to define a 

"4 umquc sample position. The detailed description of the 

Ij] invention discussed below utilizes 50 mm plates with square 

i n 30 sample positions which can accommodate up to 

; 4 distinguishable sample posilions. Any distribution of 

; =^ samples over a surface, cither known or unknown, can be 

in accommodated. Sample plates of a variety of geometries 

U could be used, including circular, rectangular, and regular 

[, 35 irregular polygons. The maximum sire of the sample 

;i =^ is limited only by the size of the ion source vacuum 

U chamber and travel limits of the x-y table on which the 

1= ^ sample receiving stage is mounted. It should be understood 

1=2 that smaller or larger numbers of distinguishable sample 

- 40 be defined on sample receiving surfaces 

of other geometries. 

In a preferred embodiment as illustrated' in FIG, 1. a 
ferromagnetic material handle 20 is attached along one edge 
of the plate on the bouom side, i.e., the side opposite the 
^5 receiving surface for the samples. This handle 20 may have 
a rectilinear cross-sectional configuration, and is used to 
engage an elccUDmagnctic device for the puqxjse of trans- 
pomng the sample plate between componcntjystems^____ ^-^ovners 

The sample plate 10 has bevelcd[53mc^52 yet^vidcT ' ^ 

cor o^rs ^ ^ total s quare surface having 50 mm sides interior of the 

bcv^lcd^mcrrjon the top surface of the plate 10 for 
rcceivmg multiple samples. Samples may be deposited on 
this plate ;n a variety of ways, and for explanation purposes 
It may be assumed that an array of circular spots 16 is 
j5 photor4chcd into Oic plate IC along with tdcndfying num 
bcrs. This arrangement easily accomm,xlalcs up to 1024 
sample spots each 1 mm in diameter in a 32x32 array 
uithout identifying numbers. Each of these 1024 sample 
spots will accommodate about 100 nanolitcrs of sample 
60 solution. 

As shown in RG. 2. the samples alternatively may be 
deposited on the ends 24 of removable pins 26. and the pins 
locked mto a two dimensional array using a sample holder 
positioned on a sample plate lOA. A suitable holder 28 may 
have a rectangular horizontal cross-scaion, and may be 
si/cd to receive a 5x.S array of vcaical pins. Samples of 
'Kctcsi an- thus (lc|H»^itcd in knou n hicaiions or s|xiis on the 
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surface of the sample holder. In olhcr cases, llic localions of 
sa.nples of .merest may not ^K of particular significance. l=or 
example, a system may Ik employed with samples deposited 
i»y tJlottmg from a two-dimensional gel. in which case 

samples ofinlcrcsl may be distributed in an unknown pallcm < 
over the sample surface. 

As shown in RG. 1, the sample plate 10 has two or more 
prcoscly located holes 14A, 14B and 14Ccach located near 
an edge of ihc plate 10. These holes 14 locale the sample 
holder when mslallcd in the sample receiving stage in the ion ,„ 
source of the mass spectrometer and in the sample Uanowtt 
trays. The magnetic material bar 20 may be eaeaged by an 
cnctgized electromagnet (not shown) to assist in tomsport- 

<ng the sample holder into Ihc sample trcdving stage, as 
discussed subsequently. 

2. Idenufication of Sample Position and Plate 

x-y cootdinatc of each sample poation oo one side 
(typically ibc top side) of Ihc sanqile plate he uscil to 
octenninc a uidqiie sample positioa on each sanmle pbte. 

TTiedtaraeterofasainplespotceittciBdoncachpoa^ to 
be used to farther define a sample positioiL TlK nrnmnnm 
data required to uniquely identify a sample position is the 

xor coonimatc and the diameter ofihc spot As discussed 
above, the sample position may be farther defined by a 
photoctched well or photoplatcd spot centered at the cooe- is 
sponduig x-y coordinate on the sample plate, and may be 
4 cvcnfarthcr defined by the conesponding number etched or 

1 1=1 P'^KM near the corresponding sample spoL 

in particular sample plate may be idcnUfied by a serial 

:'=; """"^f the top surface of the plate or attached 30 

W to or etched into the bottom surface of the plate. A computer 

f ji readable bar code may be used with a sufficient number of 

i. ± to uniquely identify the sample plate lelative to any 

™Sht be enoounteied within a scries of analar 
L involved in applying the samples to the 35 

U sample plates and those for loading the plates into the mass 

^I^«"'"cr as discussed below may also be equipped with 
n ^'^^'i^ 'o provide the lequtred identification of the 

■■■■^ sample plates. 

^- Processing and Preparing Samples « 
■■=^ '^'^^ of component will depend on the appli- 

l:^ cation, the types of samples w be tested, and the degree to 

which the samples are prepared and purified prior to being 
input to the analysis system described below. TTie following 
discussion sets forth the representative steps required to 
cany out an automated MALDI analysis. It should be 
appteaaicd that additional automated sample preparation 
and purification steps could be added. Rate-determining 
steps may be used, for example, to dctennine the speed with 
which the complete dctetminauon can be done. ^ 

TTic invention is particularly suited for DNA scqucndng 
For this purpose, it is assumed that a set of sequencing 
mixtures has been prepared off-line using cither the 
Maxx;m,-Gilb=rt or Sanger method. The mi.xtures may be „ 
presented to Uic system in the form of liquid solutions in 
small vtals or lubes in a liay which may be accessed by an 
autosampl«. Substantially the same samples in the Lie 
ronn may be prcscniod for separation by electrophoresis in 
conventional DNA sequencing. 

Wth reference to FIG. 3. the sample processing compo- " 
ncnu iodudc an autosampler 40. valve means 42 for oon- 
•!?„ V appropriate solution of matrix from 

^.Tr^r V '° "^P^^- " P*""? ~hef now 
system 46 for iransfcmng liquid samples from a selected 65 
$.imp c to a known sample position on ilie sample plate nc 
v<M.(.lc plan- precisely I.Ka.cJ ...i a l,„|.lc, m„muc,i on :, 
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coMipulcr-comrolkd x-y tabic 4ii. liach satnpic (Kisilion may 
l)c aunpulcr recorded at Uk: Umc Uic sample aliquot is 
transferred to the plate. The auiosanipler may be similar to 
auiosamplcrs used with capillary clearoplwrcsis. 

I'lG, 3 illustrates one embodiment of a suitable system 30 
for preparing and processing samples. Samples arc pre- 
sentcd lo ihc system in standard sample vials, such as small 
plastic Eppcndorf lubes 33. A large number of samples tubes 
^ may be accommodated within a sample input txay 34. The 
person providing the samples caters sample !D information 
in computer 36. selects the dilutions and matrixes required 
ami sets the internal standards and relative cooccntrations if 
rcquiasd, for each sample 7ht system prepares ihc 
requested sample dilutions and matrix and standard addi- 
tions and transfers each samide aliquot lo a known posiUon 
on the sample plate 10 discussed above. The computer 36 

generates a data file coiitainii« sample m, <Huticm. matrix, 
and internal standard fif any) for eacb p(«iti^ 

Pla^ The sainple plate ftwn trinsportcr Stt is capable of 
automaticaUy changing the sanqile plate when it is filled, 

and transporting the filled sample plate to a casartte 54 for 

sample drying and slcwage. Each^ 

code and both the sample prtparation system and the 

i^ALDImstrumcnl arc cquiRicd with bar code readers for 
automatic sample tracking. Mvidual sample plates or 
cassettes containing up to 20 sample plates may be trans- 
fcaed along with the sample data to the MALDI instrument 
for analysis. The computer controlUng the sample prcpara- 
uon system is networked with the computer (shown in FIG 
«) xontrolhng the mass spectrometer, so that both sample 
informauon and mass spectral data may be exchanged 
between the two computers. Ihc samples accordingly may 
oe prepared m one laboratory and the data processed there 

cveniftheMALDIinstrumentisinadiffcrcntlocation.This 
feature also allows multiple sample processing and loading 
stations to be used with a single mass spectrometer. 
4. Drying and Storing Sample Plates 
When each sample location on a plate has been loaded 
^ wuh a sample, the samples arc allowed to dry before the 
plate IS transferred into the vacuum chamber of the mass 
spectrometer. In the simplest case, the plates may be irans- 
lerrcd from the sample loading system to a rack or cassette 
whcrcthey arc allowed to dry in laboratoiy air. In the 
45 preferred embodiment, however; this rack or cassette 54 is 
located inside a sealed chamber 52 equipped with a com- 
puter^ntrolled door 56 which allows the samples to be 
dncd in an environment in which the pressure, icmpcraiurc 
'^n^T^'^"''" sunounding atmosphere is con- 

50 i^ollcd. In the fully automated mode, each of the loaded and 
oncd sample plates may be iransfcncd from the sample plate 
storage chamber 52 to an adjacent mass spectrometer. Alter- 
nativdy. the samples may be prepared and loaded oIT-line 
onto the sample plates. When a sufficient number of sample 
55 P ate. has been loaded with samples, the plurality of sample 
plates may be transferred manually to the mass spectrometer 
and loaded as a complete cassette using the manually 
operated sample loading door. 

5. Transferring Sample Plates into the Mass Spectrometer 
Sample Receiving Chamber 

TTic mantial step involved in loading the sample plates 
may be dinunaicd by adding a sample storage region io the 
vacuum lock chamber of a mass spcctron^er. as shown 
schcmaitcaJly in HGS. 4 and 5. 'Oiis provision, when 
ciuiplcd with on-line sample loading, allows (he system to be 
oiKraicd in a (ully aulommic. unniicndcd mode. In this 
-'""nun.i.un. ;m mpui d(H.r 5S h»c"ucd Ihiiu-coi ihc 
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vaaniin lock cli;inil)cr r.K ami ilic sioragc chaml>cf 60. An air 
cyl.ndcf iran.s,Kiacf «9 equipped with dcciromagncls h 
M'ovidcd for iransponiiifi sample plaics 10 tmm the irans- 
|K)ri tray «0 wiOiin ihc storage chamber 60 to the vacuum 
lock chamber 68. 'Oic iray or cassciie SOcocUains multiple 
shelves and conrcspondinfi slots each for storing a sample 
piaic. A cassette iraiispoa drive mechanism ioduding a lead 
screw 64 driven by a stepper motor 66 is provided to allow 
any selected one of these slots and a concspooding plalc 10 
m the cassette 80 to be brought into line wilh liansportcr 89. 

The system as shown in FIGS. 4 and 5 allows sample 
plates 10 10 be loaded into Ihc storage rcgioo of the vacuum 
lock chamber 68, while another san^lc pblc 10 is being 
analyzed in ihc ion source chamber 74 of a mass spectrom- 
eter. In fully automatic opcraUon, whenever a new sample I5 
plalc 10 may be loaded, the storage chamber^ is evacuated, 
the input door S8 bclwcca the storage dnniier 40 and the 
vacuum lock chamber 68 is opened, and Ihe new sample 
plate IS automatically moved by transpoiter 89 to a sample 
transport tray 87 provided in the vacuum fcxk danAer 68 20 
The input door 58 is then closed and the vacuum lock 

chamber 68 remains evacuated. The pUtclO positipocd by 
sample transport tray 87 is moved within chamber 68 by an 
air cylinder transport mechanism 78. 
When analysis of the samples on one pbte 10 within the ^5 
source is completed, the plate 10 is ejected and placed 
a vacant slot in the sample storage cassette 80 This 
cassette 80 is then moved by stepper motor 66 and lead 
screw 64 to bnng a new sample plate in the transport tray 80 
m line with the transporter 89. and the new sample plate is 30 
loaded. Hie exchange of samples may thus be accomplished 
without venung of the vacuum lock chamber 68, which was 
evacuated during the lime that the samples on the previous 
plate were bemg analyzed. This allows sanqde plates to be 
changed very quickly (at most a few seconds) while main- 35 
taming the ion source at high vacuum. 

The sample storage chamber 60 is equipped with a 
manually operated door 70 thr ough which a nu mber of . . U ^ r.<^^ 

sample plates loaded with samplesfel^^Sb^S^ tV^cvT <XV^ 

simultaneously. To load a set of samples, a ^manual load" ^ 
setting IS selected on the computer 36. This causes the 
sample storage chamber 60 to be vented to atmosphere via 
vent valve 72. and allows the manual load door 70 to be 
opened. The samples are then loaded and the chamber 
evacuated. The entire set of sample plates can now be 
analyzed automatically without further operator intervcn- 
lion. 

6. Auiomaied Vacuum Lock System 
The vacuum lock chamber 68 is equipped wilh computer 

comrollcd valves and mechanical transpon devices which 

allow the sample plates 10 to be tnmsponcd under computer 

control from the sample storage chamber 60 (which may be 

at atmospheric pressure) to the sample nxdving stage 

wahm the evacuated ion source chamber 74 of a m^s 

spectrometer, without venUng the evacuated chamber 74 

The vacuum lock chamber 68 has an input port which may 

be opened or closed by door 58 and through which sample 
plates arc loaded from ihc sample storage chamber 60 into 
Ihc vaaium lock chamber 68. An output port ihnnigh which 
a sample plate u iransportcd from the vacuum lock chamber 
68 to ihcion source vacuum chamber 74 is siinilaily opened 
and closed by output door 76. Each door includes arTx)" 
nng seal and may be opened and closed by a icspcaive air 
vrylindcr 75 controlled from the computer 107. 

A prcfcirod oiuhfKlinicnl of ihc vacuum UkI cliainlKr (.H 
- .ic|..cu:d .„ |.|(;. 5 with ii> 3v<.H:,:„cd v:,Wcs ..ml ,r:,.,s. 
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pollers s.iii;,l,ic r.,r r.illy :,ui.„u;,ic<l ..pcralion. Acj«<atc 80 
u»il,m.,i.,., a ,mnilx:r (ly,,iolly 20) U.adcd sai.mic plates 10 
'"••y )C Uansfcrol from cither ai> off-line satnplc scoracc 
cha.nbcr or a sample storage chamber 60 attached to the 
' ,77"'", '"f.'' --"xi tl'-is 'l"C mass spectrometer 

IJeforc loading a sample plate 10 i.uo the storage chamber 
60 for subsequent analysis by Uic mass spectrometer it mav 
be assumed that the sample loading doors 58 and 76 arc 
closed, the vent valve 72 is closed, and the purapout valve 
,0 SI connccung the mechanical vacuum pump 85 with the 
vacuum lock chamber 68 is closed. The pumpoiu valve 86 
conna:ung the mechanical vacuum pump 85 with the stor- 
age chamber 60 is first opened, thus evacuating ibe sample 
storage chamber. When the residual pressure in thb ciuraber 
'5 , ° ''^ * P^«'««^ncd acceptabte 

(c.g.. 20 mtUttorr). the valve 82 is opened, and the input and 
ou^t doois 58 and 76 are opeool. allowi,g «amptep««tes 
to be transpotted between the sample storage chamboMW 
aiid the ion source chamber 74 of the mass aoOmmtba 
20 without significandy degrading the vacuum of the mass 
spectrometer. A conventional vacuum pump 96 is piovidcd 

for maintammg the chamber 74 at a desired pressuie. Once 
uansport of a plate 10 is complete, the doois 58 and 76 may 
U be closol by computer conUol. m fi,I|y automatic opera- 

Q ^ "°':<'f'^«=ya«=«"'n»ockinvolvesthecyclcstepswhichQn 

' J conipleting the measuremems on the previous sal^lc 

in f'^*'-,'^<'«'<^'"«hbegimiing the measurements on the««t 

sample. 

. ='''"P'ifi«i version of the vacuum lock designed for use 
Q 30 .^ '^^e sample Storage Chamber is Shown schematically 

i.n I" and 7. This system is suitable for manually 

- loading tndtvidual sample plates into the mass spectromet«^ 

without venung the mass spectrometer vae^U^stem. 

Pnor to loading a sample plate, it may be assumed that the 
p 35 om^ door 76A is dosed, and the pumpout valve 82A is 

. _ .n vacuum lock chamber 92 to be raised to that of the 

■'i ^ZT^?^ atmosphere while the vacuum pump J6A 

3 tachcd to tfie .on source chamber 97 maimains ihc ion 

i j '=''*"'bcr under high vacuum. The input door 98 is 

- |ncn opened and the sample transport tray 99 is transported 

^^ .ts au- cylinder 78B through the input door98 to a^im 
where u IS accessible for loading. TTie sample plates lO^nay 

manually loaded into the sample transport tray 99 Under 
45 computer control following a command from the operator 
'^r,^^ 99 containing a sample plate is retracted into the' 

ZrTs iflH "^"Z^^^' ^ "he input 

ooor 98 ts then closed. TTie vent valve 72A is then closS 
-^d the pumpout valve 82A is opened and the pump 84A 

.xacua cd. When a sausfactory pressure has been nrachcd 
-yptcally 50 milliliter), the output door 76A is opened 

-Jlsl^n'^l'^ ''• "-"P'-^ P'^-^ 1» 'hen 

.unspotted from Ac irnnspcn tn:y 99 -o the sample recciv- 
55 stage. ..e.. the ion source chamber 97. of the mass 
spectrometer. This transport is accomplished by enc«iane 
i stnall elcaromagnci 102 attached to the actuator Sd"o4 
0 the air cylimler89A. When energized, this ^mJ^ 

"J- '"sages the strip of magnetic material 20 attached to the 
«0 sample plate 10 a«l firmly holds the plate W S 

3««5--«=n!i«d. After Uu= sample is in pU« in 
sample receiving stage 94 of the mass spcoremctcr d« 



^ ^yctractcd. leaving the sample pi;rio'i7;;;;X™ 
1 ... <u..p,M d.v.r 76A .s then cI.kcU and the ma.« .^pcctrom-' 
K .cady l..r icMin,; il.c .an.pU-s ..„ ,.l.«r |0 ILc 
■"•I.-..- I..a.l.n,: ..,vr:,i...„ .aVos l, « .1,:,,, ,„;„„„. .,„,, 
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very IiMic gas is imroduccd into ilic ion source vacuum 
chamber dunng this operation. 

To eject the sample plalc and load a new one the process 
IS reversed. Rrst the output door 76 A is opened and Ihc 
transport cylmdcr 89A equipped with the electromagnet 102 s 
IS extended so thai the clccuomagnct makes contact with (be 
raagncuc stnp on the sample plate 10. The clectron^gnct is 
cncrgtzcd and the cylinder 89A retracted to move the sample 
plate from the ion source chamber 97 to the transport iray 99 
in the vacuum lock chamber 92. The output door 76A is ,„ 
closed^ Ihc magnet 102 is dc^Mcrgized. the input door 98 b 
opened, and the sample tray 99 extended so that Ihc old 
sample fdate can be removed by the operator and itplaocd 
with a new sample plate. Except for this final step, theen&e 
operation is accomplished entirely under contiol of com- 
puter 107 with no imcrvcntioti fiora the operator except for " 
sclecdag an"qea" setJit^ on the computer to rraovc a 

Mn^le. and an "operate" setting to load a new sainpk! and 
begm the test ^ 

Opwalion of the fully automated system shown m FIGS. 

4 and Sis thus similar to the system shown in FIGS.6 and * 

7 except that operator intcnrention is minimized in the Fia 
4 system A preferred system according to this invenliaa 
coinbines the features of the systems discussed above. RG 

8 disclose a system 108 for analyzing a plurality of samples 
and includes an additional dcctromagnetic transporter 89B ^ 
which transports s^ple plates from cassette SOAcontainine 
vacant sample plates 10 to the sample loading- systcm30 
After loading, the sample plates 10 are transported by 
transporter 89B to the sample storage chamber 60 Tte 
casseacs discussed above may each hold up to 20 sample ^ 
P ates in a vertical stact TTie cassette 80 which suppL 
plates 10 to the ion source chamber has at least one empty 
slot when a sample plate is being tested in the ion som^ 
Chamber 74. The position of this cassette in die stotage 
chamber may be controlled by a compuu^ driven step^ ^ 
motor as described above so that any selected slot in the 
storage casseue can be brought tnw the plane defined by the 
respective sample plate uansporter 89. A tested ..amnlr pi«. 
may be transported fron^Sii source chamber to a vacant slot" 

m the cassette within the vacuum lock chamber, and the * 
sample cassette indexed to position another sample plate for 
transport from the vacuum lock chamber w the ion source 
chamber, then the sample door closed and the new samples 
on the new plate tested. While the mass specimmeter is 
testing one sample plate, new samples may be manually or ^ 
automatically loaded and/or tested using sample pikes 
removed without interfering with the mass spectromotcr or 
It vacuum system. Computer 107 controls the mass spcc- 

7. Sequentially Testing Loaded Sample Plates 
A prcfcned embodiment of the ion source 110 and a 
M,.l.DI mass spectrometer 112 is depicted in RO 9 A 
stainless steel block 118 is rigidly mounted to an x-y table ss 
114 via ciccincally insulating posts 116 made of cer4icor 
po yamide. The block 118 and table 114 may be positioned 
within the ion source chamber 74 (or 97) discussed above. 
An cicctncal potential of up to approximately 30 kV. posi- 
tive or ncgauvc, may be applied to block 118 by a ooimec- <o 
LrekTa"*"™" P«'::"«'PP>y HS.nu! x-y position of the 
block 118 IS controlled by one or more stepper motor driven 
micrometer screws (not shown) conventionally used with 
x y Uhles. Tlic block 118 is equipped with standard lip-type 
.cuidc plates 121 to assisi i„ tran$,H,nii.,; the sample plate 10 6S 
...U. ,x,sil..m on ,1,0 lace 117 of l,|,K.k IIK. Conventional 
<oair,n,; Mu-n,!H:rs. muI, as s,,ri:,., :„.„K-.I |.:,lls If) ,„:,v |,c 
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used Hi cooperate with Ok; holes \4 in (he plate 10 {<> lock 
the sample plaic imo posiiion with respect to Oic block 

WiOi computer control of the stepper motors, this system 
allows any selected point on the sample plate to he posi- 
S tioncd precisely (typically within one thousandth of an inch) 
on the optic axis of the mass spcciromctcr where it is 
irradiated by ihc laser beam 136. Beam 136 strikes a sample 
on plaic 10 al point 120 wiihin plane 117. resulting in ion 
beam 134. Accoitlingly ions may be produced from each 
10 sample on the plate 10, which is moved aulomalically by the 
x-y tabic 114 between sample positions with respect to the 
laser beam. 

The remaining components of a suitable timc-of-fiight 
mass spectrometer 112 as shown in RG, 9 include a metal 
*5 Platcl24 having a grid hole 122 therein, and a metal plate 
128 ha vipg a grid hole 126 thcrcia The metal plate 128 may 
be maiatained at grouDd potential and vdtages applied to 
block U8 and plate m may be varied to set the accelerating 
electrical potential desired, whidi is typically in the range 

20 from ISflOO to SQfiOO volts, A suitable voltage potential 
between hlodc U8 and plate 124 is 10.000 volts, and a 
suitable voltage potential between plate 124 and plate 128 is 
from 10.000 to 40.000 volts. 

^ Most of the low weight ions arc prevented from reaching 
the detector 140 by deflection plates 130 and m. which 
may be placed 1 cm. apart. Plate 130 may be a ground 
potential. Plate 132 receives a square wave pulse timed as a 
ftinaion of the laser beam striking a particular samplb: Each ' 

^ pulse thus suppresses low mass ions, so that substantially 
only desired ions reach die detector 140. Other details with 
respect to a suitable spectrometer arc disclosed in U S Pat. 
Nos. 5,045,694 and 5.160,840. 

8. Automatically Adjusting Laser hitcnsity and Sample 
J J Position 

In MALDI, the intensity and quality of the mass spectra 
generated is strongly dependent on the intensity of the plume 
of ionized and neutral material that is produced by the 
inddeni laser pulse impinging on the sample and matrix. 

40 ™s intensity depends on the laser intensity, the composiuon 
of the matrix used, and details of the crystalline structure of 
the matrix and sample on the surface. While it is possible to 
establish a narrow range of laser intensities which produce 
acceptable spectra, one typically cannot predict with the 

45 desired pxedsion the laser intensity which will yield the best 
results on a particular sample. In general, if the laser 
miensny is loo high, the signal-to-noise ratio may be excel- 
lent, but the mass rcsoluuon and mass accuracy is degraded 
Conversely, if the laser intensity is loo low, the mass 

50 resolution and accuracy arc satisfaaory, but the signal level 
IS low and signal -lo-noisc ratio is poor. Also, the surfaces of 
muluplc samples on a plate tend to be non-uniform, so that 
some locaUorj yield cxccUent results and others do not 
Under manual control of the laser beam and sample position 
55 »t ts possible through a process of trial and error lo find a 
combination of laser intensity and sample position which 
provides excellent results. 

An automatic control used according lo ihis invention 
closely mirrors what is generally the most successful strai- 
60 egy when opcraUng manually. The intensity of the beam 
output 136 from ihc laser source 148 is increased until the 
ion signal suddenly appears at a relatively high setting At 
this point, signal-io-noise is excellent, but resolution is poor 
As the laser intensity is decreased, the signal may actually 
65 inacasc al first (somciinKS going into saturation), hut at 
lower intensity ilic sii^nal is dccrt a.cd. and tlic rc^o- 
IS dramatically increased. With ;in nnp^ucd anciui- 
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;m>< I3K. this hysicicsis ;i|.|icvs i« Ik: ciuircly rclalcd to 
changes in il.c s.un|.lc |.roiK;nici. and is not due lo hyslcrcsis 
in Il.c aucnuator. ll.c upper and lower values for Ihesc 
c>'cnis arc very reasonably reproducible and appear lo 
depend pnn.anly „„ il,c particular matrix used, and only s 
weakly on the sample preparation, sounx vollape. or other 
parameters. 

The strategy for exploiting ihcsc obscrvauons in the 
automatic mode follows. n,c upper and lower linats in the 
acquisiuon set-up menu and thclaser step si2e are cstab- lO 
I'shcd. Two choices are provided for the number of spectra 
to be averaged; an upper number and a lower nuniber The 
upper number of spectra arc averaged when the laser beam 
1J6 IS at IIS maximum intensity, and the lower number is 
used at all other laser intensities. is 

When a new sample is selected by the autosampter meau. 
the acqtmition starts with the laser beam 136 set^ upper 
Iitnit The number of spectra requested is averaged Itfa 
spcoiura acqumd contains inteasity witKn the deaitd mass 

and intensiQrUmits set, the spectnim is saved and caBbrated ^ 
using the upper calibration file associated widi this set-up 
hie. If the spectrum acquired is too intense. Lc, the maxi- 
mum intensity within the mass window is greater than the 
upper intensity level (typically set just bdow saturation) the 
""^ '^^"^ ««tecreased by one inoenicnt and the process ^ 

m repeated until a spectrum meeting the selection criteria is 

I n °' '""'er «™t isTrcached. lEthe" spectrum is too 

. =: • '^^ maximum intensity within the mass window 

i'i " sample is incremented to a new spot and the 

1:0 P^°<=«s repeated. If a spectrum is obtained which has ^ 

™"y7«hi'"he chosen Bmits at any hser intensity odier 
""^ '""^"^ """i. that spectrum is saved as an upper 
;U . ' . . • '"'"""y^P""™™ and the upper calibration file assoS 

acqmsiuon set-up file is used. If an accqitablc 
H spectrum is obtained at die lower limit of laser intensity that " 

spectrum is saved as a lower intensity spectium and the 
' = lower calibration file associated with the acquisition set-up 

nlc IS used. If both an upper and a lower intensity spcctnim 
U II obtained on the selected sample spot, the acquisition 

!.± "cxt sample. If only one of these is obtained. 

or neither one. the sample is incremented to a new spot until 
both an upper anda lower spcctnim have been savedTor until 
the range of possible sample spots has been exhausted 
9. Automatically Calibrating the Mass Axis 

During automatic operation of the MALDlinstiumcnt, an *^ 
automatic procedure may be used for checking the calibra- 
tion of and recalibrating die mass scale lo maintain tiu: 
desired mass accuracy. TTiis can be accomplished by loading 
a sample plate comaining one or more known samples so «, 
that the known mass spectium can be used to automatically 
check and correct the mass scale as necessary. 

T>c procedure for calibrating Uie mass axis is described 
hclow. each acquisition set-up file must have bodi an upper 
and a lower calibration file associated wiU. it These files ss 
may be chosen from a list of files already in existence by the 
operator preparing the set-up file, or may be generated using 
the calibrate selection in the set-up file for calibration 

whS -r ' u^^" ^ """ration file 

which IS saved may have all of .he parametea associated « 
w^U, Its generation saved, so that in the event the operator 
chooses a calibration file which employs different parameter 
values, a warning is given and the acquisition set-up file 
cone.,p<„ulinE to Ok one thai wa.. used may be displayed 
-.11, he paranu-lcr.. hi.ul.liph.od .l,:i. are difVcicn, from ,h„.se 65 
"...cli have k-c„ ..elected i.i ilic acquisiii„n set-up llic 
""■ I •'l'i'=.«>.M,.. tlu- dioson olihraiion 
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tilc winch is then a.ss*H;i;iic<l wiih the new scl-up file, even 
N<iinc paranicicrs arc dillercuL Alicniativcly. I he operator 
ntay rcjcci ihc chosen calihraiion file, return to the set-up 
file, and cither choose a dincrcm calihraiion file or gencmic 
S a new one. If a new calibration file is generated using a 
pait.cular set-up file, a "check replace" selection may be 
cmpioycd to determine if die file is to replace a prc-cxisiing 
calibrauon file. A new designation for upper or lower 
caJibralton numbers is also an option. 
10 In addition to the above changes in the manual calibmion 
procedure, an automaiic calibration mode may be used 
Particular samples on ihc sample plate may be idcolificd as 
calibration samples, and ihc calibration coxnpoaad selected 
from a list For each sample or calibration compound, the 
15 matrix from a list may be selected. For each calibration 
compound and matrix combination chosen, a fist of masses 

N/aWs and laser inte nsities may be stored ThP nn^nany used masc 

^»°**»«9[^v<5jm^becntcn^asanimta 

set-up. A sendee tcdmidan wiU be able to aitcr initial 
20 factory data at the location of the customec 

During automatic calibraUon, the proccduic for acquiring 
the calibration spcctmm is the same as for acquiring data 
^ sample. If the calibration designation is selected in 
!;3 "^^^^"^o^f^lcrset-up.thatsamplcistreatcdasacalibration 
U ^^^^ ^ specinim obtained is compared to that 

J cxpcaed from the reference file. If peaks arc found within 

^ ^ the default values of mass and intensity (typicaUy set by the 

- ^^"^^ technician), the calibrauon file for the particular 
Us acquisiuon set-up and laser intensity being used is rc- 

. ^ computed, and the old file replaced by the new file If the 

observed spectrum falls outside the default limits, a warning 
message is momentarily displayed and then stored for later 
display when the data arc processed. If die attempted cali- 
brauon does not succeed, the old value is retained, and 
automauc acquisition proceeds. For instrument service pur- 
poses. It may be desirable to retain the old calibration files 
m a dircctoo' accessible to the service technician. 
To implement the above, columns may be added to the 
^ autosamplcr set-up menu. These columns might include a 
chotcc of sample or calibrani, a choice of matrices from a 
pull-down hsi. and a pull-down menu showing the list of 
known calibrants. The operator may also enter new param- 
cLcrs charactcnzing a new calibrant within another column, 
l^c operator may also have the option of dcsignainc a 
matnx choice tn the acquisition set-up file. 

10. Automatically Interpreting the MALDI Mass Spectra 
Mass spectra interpretation depend on the type of samples 
analyzed and the information required. The first step is to 
50 convert the observed limc-of-flight spcarum into a mass 
spccinim. I.e.. a table of masses and intensities for all of the 
peaks observed in the time-of-dight spectra. Peaks that arc 
known to be due to ..he matrix or other er.tr^ecus material 
will normally be deleted from this list. This mass speanim 
55 IS obtained by calculating the ccntrotd and integral intensity 
of each peak. The peak width may also be included (e g full 
width at half maximum) to provide a measure of the maxi- 
mum uncertainty in ihc mass determination. 
In the application to ONA sequencing, each set of four 
60 samples consists of one sample ending, so that all possible 
fragments ending in a specific base arc included in each 
sample sci. Accordingly, for each DNA fragment to be 
sequenced, there is a sample with all possible fragments 
icrmmaimg in C. T. A, and G. respectively. Each of ihcsc 
^•5 fragntcnis is ob.^rvcd as a peak in the ti.nc-<.f-night s(h:c- 
taun o( thai s:.nipk-. Ily su,Hrrin,p*Kinti the four s,H:ctr:i the 
-oiuciuv ol :viMs c;in Iv rc:ul diuviK l-unhmnntr. the 
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mass dincrcncc iKitwccn any pair nl |>c:iks in llicsc four 
spccira fiiusl corTcs(H)n<l lo ihc toial mass a^socialcd wiih Uic 
nuclcoiidcs in that |Kiaton of ihc sequence. Tt\h provides a 
sifinificanl redundancy in Uie results, whtcli may be useful 
for analysis other (han thai involving the simple otdcring of 5 
the peaks, a feature which is not available in elccuophorcsis. 
If a peak is very weak and is missed, or if two peaks are 
insufficiently resolved, a base may be missed by simple 
ordering. The mass diffacnce observed between the next 
pair of adjacent peaks will thus show the error and allow 
comxtion. The computer may thus interpret the spectra and *° 
dirccUy produce the sequence of bases in the DNA fragmcnL 
.^^<tA thcr eare any regions of the spcctr^im where the results 
may bc(consid^|ambiguous or unreliable. e,g.. because the 
observed mass differences arc inconsistent, those regions 
tnay be flagged so that the operator may perform either >5 
manual study or funhcr automated analysis on those regions. 

Acooiding to the techmque of this inventioa a MALDI 
mass spectrometer is used rather than deetropboreas sepa- 
ration for DNA sequencing. Until reccndy, the MALDI 
technique was litmtcd to angle-stranded DNA fiagiiients up ^ 
to about 50 bases in length, but the range has now been 
extended to fragments as laige as 500 bases in length. 

Conventional large-scale sequencing is currcnUy being 
done at a rate approaclung 1 Mb per year of finished 
sequence. The cost of sequencing is in the vicinity of one ^ 
U.S. dollar per base. A rate of 500 Mb per year is required 
for the Human Genome Project A price of 20 cents per 
finished base is commensurate with the budget and goals of 
this project 

30 

At the present stage of development, MALDI analysis of 
DNA fragments can be done readily on mixtures containing 
components less than 50 bases in length. Recent work 
suggests that this fragment length can be extended, periiaps 
as much as one order of magnitude to fragments 500 bases 35 
in length. Large scale sequencing would proceed mudi more 
rapidly by this technique if the fragments analyzed could be 
extended significantly. A reasonable goal is to be able to 
accurately analyze mixtures containing oligimeis up to 300 
bases in length. The resolution and sensitivity of presently 40 
available instruments is satisfactory. Even with the limita- 
tions imposed by the short scgmcnis, the MALDI techmque 
with application of the present invention could be compcu- 
livc with conventional approaches. 

The present invention can readily handle at least 4 45 
samples per minute, which corresponds with 50 base frag- 
ments to 50 bases of raw data per minute, since 4 separate 
samples arc required to sequence each segment A single 
mstnimcni can run at least 1200 minutes per day to provide 
60,000 bases per day of raw sequence. This is about 22 50 
Mb/year from a single insUument This is raw data, however, 
and the piecing together of firagmcnts from short sequence 
generated data is likely to require considerable redundancy. 
Ncvcnhclcss. a single instrument even with the limitations 
imposed by short segmcals. caij surpass the total output of 55 
present conventional sequencing. The price for this instru- 
ment is about S200.000. and it should have a useful life of 
at least 5 years. Total cost for operating and maintaining the 
mstrumcni (including amoniration) should be less than 
S lOO.OOO/ycar. If the instniment produces 2 Mb of finished 60 
scqucncc/ycar. this concsponds to 5 cents/base. 250 such 
instruments would be roquircd to provide sequences at the 
rale required by the Human Genome Project If the length of 
the fragments analyzed can be extended, the speed will 
increase and ihc cosi will rapidly decrease since less rcdun- 6S 
tlancy will Ik: required. If the fracmcni length was increased 
MK) v ilu- i:,u- ti;u:i r;,ic -vumvcs pni|Muii(i:ullv u» 



